ABSTRACT Most existing results do not take the effects of backlash hysteresis of actuators into account in a controller design of missile systems, but such hysteresis seems inevitable in practice. In this paper, a robust adaptive neural network (NN) control law for a missile system with unknown parameters and hysteresis input is proposed based on a backstepping technique. The controller is designed by introducing NN approximation, which can be adjusted by an adaptive law based on the backstepping approach. The developed NN controller does not require a priori knowledge of the unknown backlash hysteresis. In particular, unlike existing results on adaptive compensation for unknown backlash hysteresis, the sign of b is no longer needed. It is shown that the designed controller can ensure the stability and tracking performance of the closed-loop system.
I. INTRODUCTION
In the context of designing methods for missile guidance and control systems, the controlled system are often separated into two subsystems which will be dealt with respectively. In the controller design, the assumption that there is a spectral separation between the guidance and control loop is important. However, as these synergistic relationships between the two subsystems cannot be fully used in controller design, system performance can be severely affected, which may lead to instability of the overall system. Therefore, how to rewrite these two subsystems as an cascade system and propose a relevant control method is the crux for improving the performance of missile systems.
In the last ten years, several methods have been proposed to control missile systems [1] - [5] . Among these design methods, adaptive control has been widely used as it can provide on-line estimation of the unknown parameters, see [1] - [3] , [5] for examples. In [3] and [5] , an adaptive controller was proposed based on backstepping technique. Unknown parameters considered in the system model are estimated by the designed updating law. The proposed state feedback control law can maintain stability of the closed loop system. In [4] , a blended control autopilot based on output feedback is proposed, which comprises an optimal controller and a control allocation module for the missile system with impulsive thrust.
On the other hand, some common phenomena such as failures, fading, unknown torques, dead-zone and backlash [6] of practical actuators have great effect on the performance of the controlled system. In missile systems, the backlash hysteresis of actuators is inevitable. However, most of existing results do not take backlash hysteresis of actuators into consideration in controller design of missile system because of the complexity of analysises. Even though this makes the design of controller simpler, the system performance would be greatly sacrificed. Hence, the backlash hysteresis of actuators cannot be ignored in controller design and analysis. This paper addresses the problem of controller design for missile systems with unknown parameters and backlash hysteresis. To compensate for the uncertainties caused by backlash hysteresis, neural networks (NNs), which has been widely used in controller design of various practical systems [7] - [12] , will be adopted in this paper to model the plant. To propose the control law, we firstly construct neural networks to approximate the unknown backlash hysteresis of practical actuator. Then based on backstepping approach [13] which is a recursive Lyapunov based scheme due to the recursive structure of strict feedback systems and can relax the matching condition, we construct our adaptive controller in which the neural network approximation can be adjusted by an adaptive law.
The main contributions of this paper, compared with the existing results, are as follows: (1) The control problem is investigated for missile system with unknown parameters and unknown hysteresis input. (2) In addition, by constructing neural networks to approximate the unknown backlash hysteresis, the developed neural network controller requires no priori knowledge on the unknown backlash hysteresis. (3) Moreover, unlike existing results about adaptive compensation for unknown backlash hysteresis, the sign of b is no longer needed in the design of the control law. It is shown that the proposed adaptive neural network controller can ensure the boundedness of all the signals of the closed loop missile system and the desired tracking performance is also guaranteed.
The rest of the paper is organized as follows. In section 2, we formulate the missile system by differential equations and give the neural network pre-compensator for backlash nonlinearity. Adaptive control scheme and stability analyses of the closed-loop system are given in section 3. In section 4, we use a practical system to present the effectiveness of our control scheme. Finally, the paper is concluded in section 5. 
II. MODELS AND PROBLEM STATEMENT
We consider the following mathematical model of the missile system which is similar to [2] . The structure of the missile system is given in Fig.1 .
where α is the angle of attack and q is the rate of pitch. δ is the rudder angle which is the input signal of the missile system. m is the mass of missile and V is the flight velocity. Q, S, d denote the dynamic pressure, characteristic area, characteristic length, respectively. M nb is mach number, I is the moment of inertia and µ = 180/π.
denote aerodynamic force which are described as the following cubic polynomial model,
where we assume the aerodynamic performance [5] , [14] are related to the angle of attack, angle of rudder reflection and mach number. a n , b n , c n , d n , a m , b m , c m , d m are unknown constant parameters. From (1) and (2), the mathematical model of missile system can be rewritten aṡ
from which we havė
Letting η 1 = α, η 2 = q and δ =ū, the equation above becomeṡ
Then we havė
and
The missile system can be rewritten aṡ
where η 1 , η 2 are the system states and θ, b are unknown constant parameters.ū is input signal acted on missile system. y = η 1 is the output signal of the system. We now consider that the actuator of missile system exhibits backlash hysteresis behavior denoted asū = B(v), where v is the designed control signal andū is the corresponding function value under the operation of the backlash hysteresis nonlinearity. Similar to [6] and [15] , backlash can be described by the following model
where M B , B r , B l are unknown constant parameters, B r > 0, B l < 0 and M B > M Bmin , with M Bmin being a small positive constant. It should be noted that there are many components with nonlinear dynamics in a missile control system. Previously, the nonlinear influences caused by such components including hysteresis were neglected in controller design to make the calculation simper. Here, we take the effects of hysteresis into account in controller design. So that the precision and reliability of systems can be improved.
In what follows, we present the neural network(NN) approximation of piecewise continuous functions as in [15] and [16] . Given any function f (x) ∈ C(S) with S being a compact subset of R n , there exists
for some weights
where ε(x) is the approximation error bounded by ||ε(x)|| ≤ ε N , ε N is a positive constant. Function σ (·) could be any continuous sigmoidal function and it can be chosen as
Assumption 1: The backlash function B(v) is invertible and continuous. Unknown parameter b = 0.
Assumption 1 is a basic assumption required in adaptive control of nonlinear systems with hysteresis inputs as explained in [6] , [13] and [15] . Now we will give the NN precompensator for backlash nonlinearity. 
where
Also, we use NNs to approximate ω NN (u) as
where M , N , M 0 , N 0 are fixed vectors. ε(v), ε 0 (u) are the NNs reconstruction errors. There exist positive constants ε N , ε 0N such that
Target weights λ, λ 0 will be estimated during operations of the missile system by designing the adaptive estimator. Denotingλ,λ 0 as estimations of λ, λ 0 , respectively. Then we haveB
From (12), we have
Note that ω NN (u) is not available. So the estimationω NN (u) will be used to replace it in (18) and thus we can get
Lemma 1: From the NN observer and the NN approximation functions given in (16) and (18), we have
where d(t) is given by
where R 1 (·) is the remainder of the first Taylor polynomial.
• The norm of d(t) given in (21) is bounded by
where γ = (γ 1 , γ 2 , γ 3 , γ 4 ) T is an unknown constant vector. ϕ(t) = (1, ||λ||, ||λ 0 || 2 , ||λ 0 ||) T is a known function vector. The proof of Lemma 1 is similar to the proof given in [15] .
Remark 1:
• As seen from the analysis given above, unlike the normal NN approximation for backlash hysteresis, two adaptive NNs shown in (16) are constructed in the proposed controller. The first adaptive NNs aims to estimate the unknown backlash nonlinearity while the second one is used as a compensator for unknown estimated error term ω NN .
• Different from traditional NNs, in our NN approximation, the restricted assumption of the residual term d(t) being bounded by a known bound has been removed. Instead, the residual term is bounded by an unknown parametric function as shown in (23). All these uncertain parameters γ 1 , γ 2 ,γ 3 , γ 4 will be estimated during system operations to obtain the bound of d(t) by the proposed adaptive update law.
• The existence of the unknown parameter b as the gain coefficient makes the controller design more difficult.
To overcome this difficulty, we combine parameter b with unknown backlash nonlinearity and construct the synthesize NN approximationB b (·) as shown in (16) to estimate the uncertainties caused by gain parameters and unknown backlash hysteresis. Unlike existing results about adaptive compensation for unknown backlash hysteresis, the priori knowledge about the sign of b is no longer needed.
Assumption 2:
Nonlinear term 1 (η 1 , η 2 ,ū) is bounded by a known function φ(·),
Remark 2:
• The input signalū is the angle of rudder reflection. According to the practical implementation requirement on missile systems, the angle of rudder reflection should be bounded by a constant. Moreover, µ, Q, S, m, V , d n are all constants. Therefore, this assumption on 1 (η 1 , η 2 ,ū) is reasonable.
• According to the analyses in [5] , the effects caused by 1 (η 1 , η 2 ,ū) on missile system is not very big. Such that it is often ignored in the controller design. Even though this makes the design and analysis of controller simpler, it is clear that the system performance would be sacrificed. So it is better to take 1 (η 1 , η 2 ,ū) into account in controller design and analyses of missile system.
Assumption 3:
Unknown parameter θ lies in a known bounded set. Namely, θ ∈ θ {θ |θ jmin ≤ θ j ≤ θ jmax , j = 1, · · · , 6}, where θ jmin , θ jmax are known constants.
Assumption 4: Reference signal y r (t) and its i-order (i = 1, 2) derivatives are known and bounded.
Remark 3: In practical systems, the exact value of a parameter may be unknown, but its range can be measured base on some priori knowledge. Therefore, Assumption 3 is reasonable and such an Assumption can be also found in other papers. Assumption 4 is a basic assumption for nonlinear systems controlled by using backstepping approach.
With the above analyses, system model can be rewritten aṡ
where u = B b (v).
III. DESIGN AND ANALYSIS OF ADAPTIVE CONTROLLERS
The control objective is to design an adaptive neural network control scheme to guarantee that all the signals of the closedloop system are bounded and the tracking error converge to a bounded residue. To carry out the design of control law and adaptive update laws, the following change of coordinates is introduced.
where variable z 1 is the tracking error. α 1 is the virtual control and y r is the reference signal. Below we give the design details following the recursive backstepping procedure similar to [13] .
Step 1: From (25) and (26), we obtaiṅ
Virtual control α 1 can be chosen as
where k 1 is a positive design parameter and ε > 0 is an arbitrary constant.θ is the estimation of parameter θ . h 1 (η 1 ) is required to satisfy
whereθ = θ −θ and the boundedness ofθ can be guaranteed by the proj(·) operator in the update law of θ. We choose sufficiently smooth function h 1 (η 1 ) as
where r is an freely positive constant. f 1j (η 1 ) is the jth component of f 1 (η 1 ). We choose Lyapunov function V 1 as
The derivative of V 1 iṡ
With (28) and (32), we havė
Note that tanh(·) has the following property
Then we haveV
Letting
Step 2: From (25) and (26), we havė
With (20), we havė
From (28), the derivative of α 1 iṡ
Control Laws: We give the control law as follows:
where k 2 > 0 is a constant andγ is the estimation of γ . τ 2 will be given in the update laws. h 2 (η 1 , η 2 ) is a sufficiently smooth function such that
Selection of smooth function h 2 (η 1 , η 2 ) is similar to (30).
Update Laws:
where λ , λ0 , γ , θ are positive definite matrices and l λ , l λ 0 , l γ , λ 0 , λ 00 , γ 0 are positive design parameters. proj(·) is projection operator. Note that l λ (λ − λ 0 ), l λ 0 (λ 0 − λ 00 ), l γ (γ − γ 0 ) introduced in (42) are employed to ensure system stability as detailed in the analyses given in Theorem 1. Theorem 1: Consider the missile system (1) with unknown parameters including aerodynamic force parameters and interior parameters, unknown backlash input described by (8) and adaptive NN controllers with control law (40) and the update laws (42). Under Assumption 1 to Assumption 4, all signals of the closed-loop system are bounded. In addition, asymptotic tracking is achieved, i.e.
Proof: We choose the Lyapunov function as follows:
whereγ is the estimation of γ andγ = γ −γ . The derivative of V iṡ
With (41) and Lemma 1, we havė
With (34), we can geṫ
Tracking error(y r = sin(t )). 
IV. SIMULATION STUDIES
In this section, the results of simulation are presented to verify the effectiveness of the proposed robust adaptive neural network tracking control law for uncertain missile systems with hysteresis input. In the simulation, following parameters of the missile system are chosen: the mass of missile m = 204kg, dynamic pressure Q = 29938kg/m 2 , characteristic area S = 0. In the simulation, we choose Figure 9 give the simulation results when reference signal is y r = 1 − e −t . Figure 2 and Figure 6 are the tracking error for these two cases, respectively. Clearly, the closed-loop system is stable. From Figure 2 and Figure 6 we can find that the tracking errors of these two cases (y r = sin(t) and y r = 1 − e −t ) reach a very small margin after 0.2 seconds. Figure 3 - Figure 5 and Figure 7 - Figure 9 show the estimation of parameters for these two cases, respectively. Although accurate estimation of unknown parameters can not be achieved by our update laws, the estimation errors remain within a small range. For example, it is observed that the estimation of θ 6 , whose true value is −45.5725, converges to −44.9888 from Figure 5 and Figure 9 . It is clear that the good performance of parameters estimation can be ensured by the proposed robust adaptive neural network control law.
V. CONCLUSION
A robust adaptive neural network state feedback control scheme is proposed by using backstepping technique for missile systems with unknown parameters and unknown hysteresis input. An approximator is designed based on neural networks to compensate for the uncertainties caused by unknown hysteresis. The boundedness of all signals of the closed-loop system and tracking performance are ensured by the proposed control law and corresponding update laws. Simulation studies verify the effectiveness of the proposed control scheme.
A possible future perspective is to investigate the mathematical model of missile system with all uncertainties taking into consideration, including parameter uncertainties, unknown modeling errors, etc. Then based on the accurate model, more accurate and effective adaptive control law can be designed. 
